This paper proposes a model to compare price discovery across sequential markets. Existing models are based on parallel markets where a common efficient price leads to a no-arbitrage relationship among multiple price series at any point in time. In our model, the changes in the efficient price are embedded in the sequential price changes across markets defined by time zones. We use a structural VAR to identify marketspecific shocks to the efficient price and to measure a market's contribution to price discovery. The model is applied to the 24-hour trading of AUD, JPY, EUR, and GBP against USD over an eight-year sample period. We estimate the information shares, in the sense of Hasbrouck (1995), of four sequential markets around the world. Although Europe remains highly significant for the pricing of all four exchange rates, there is evidence of equalizing information shares between Asia and Europe, with Asia gaining information shares in EUR and GBP but losing information shares in AUD and JPY. We do not find evidence that the Asia/Japan trading hours are gaining information share in JPY trading.
measures the contribution of a particular market to the price discovery of an asset traded in multiple markets. Studies have shown that the information share of a market may not be proportional to its share of trading volume. Dr Nishimura's observations raise the possibility that trading by Japanese retail investors has a significant impact on currency values and Japan plays a greater role than other markets in determining the value of the Japanese yen (JPY).
Over the past twenty years, financial liberalization and integration, together with advances in information technology, have led to a significant increase in the number of assets being traded in multiple markets around the world. Hasbrouck (1995) is the first to develop a model to compare price discovery across markets. It has been adopted by many studies comparing price discovery of cross-listed stocks or between spot and derivative trading.
Several studies, e.g. Booth et al. (1999) , Chu et al. (1999) , and Harris et al. (2002) , adopted an alternative approach proposed by Gonzalo and Granger (1995) . Indeed cross-market comparisons of price discovery have spawned into "a mid-sized cottage industry" (Lemann, 2002) . A special issue of the Journal of Financial Markets in 2002 was devoted to the comparison between the Hasbrouck model and the Gonzalo-Granger model. Recent studies provide further applications (Chakravarty, et al. 2004; Covrig, et al. 2004; Figuerola-Ferretti and Gonzalo, 2007; Harris, et al. 2008) , extension (Pascual, et al. 2006) , and comparison of the two methodologies (Yan and Zivot, 2008) .
These studies have significantly enhanced our understanding of the institutional and behavioural aspects of the price discovery process. However the existing methodologies are constrained to parallel markets where trading takes place simultaneously. They can not be used to compare global markets without overlapping trading hours, e.g. Tokyo versus London or New York.
2 This paper makes two methodological contributions to the literature on cross-market comparison of price discovery. First, we develop a model for comparing price discovery in sequential markets, where trading takes place across geographical locations and time zones. An important feature of parallel markets is that the law of one price leads to a no-arbitrage equilibrium for prices from different markets. However for sequential markets, there is only one market open at any time; prices at different points in time do not form a cointegrating relationship. We use a structural VAR to identify the permanent component of price changes and compare the contributions of sequential markets to the efficient price. Our model makes it feasible to compare the relative importance of non-overlapping markets such as Tokyo and New York. It also can be used to improve studies of international markets with small overlapping hours, e.g. Hupperets et al. (2002) , Grammig et al. (2005) , and Pascual et al. (2006) . 3 Second, existing methodologies are based on reduced-form equations where price innovations are inherently correlated across-markets. As pointed out by Lehmann (2002) , because of cross-market correlation, price innovations cannot be allocated to specific markets cleanly. A natural solution to this problem is to use a structural model where any contemporaneous return correlation is captured by the structural coefficients. By construction, price innovations in the structural model are uncorrelated across markets, thus provide a clean measure for information flow in a specific market. Yan and Zivot (2008) use a structural VAR to address this problem for parallel markets. We propose a structural model for sequential markets. Our model is based on the open-to-close return of each market and does not require intraday sampling. In contrast, for models of parallel markets, the choice of intraday sampling frequency often has a significant impact on the empirical outcomes.
The small overlapping hours, e.g. 2 hours or less, may lead to bias against the newly opened market as newly arrived traders learn from past price movements (see Hsieh and Kleidon, 1996) . When two markets are partially overlapping, they can be divided into three periods with the overlapping period in the middle. Our model can be used to estimate price discovery in the three sequential periods and may improve the cross-market comparison by examining returns over the non-overlapping periods. 4 Hasbrouck (1995) uses 1-second sampling and reports a narrow range of information share for the NYSE. Huang (2002) uses 1-minute sampling and reports a wide range of information share for the same market, e.g. from 30% to 80%. Booth, et al. (2002) uses an average of 30-minute sampling and reports 13% to 99% information share for the same market.
Our model is applied to the foreign exchange markets, which trade continuously around the clock. By estimating the information shares across markets and time zones, we provide new evidence on exchange rate price discovery and dynamics. There is indirect evidence that some markets are more important than others in currency trading. Ito et al. (1998) and Covrig and Melvin (2002) provide evidence of private information in currency trading and suggest that Tokyo may know more about the yen than other markets. However the findings are disputed by Andersen et al. (2001) . Andersen, Bollerslev, Diebold, and Vega (2003) show that U.S. macroeconomic news has much greater price impact than German macro news, suggesting that U.S. has a greater information share than Germany in the Deutsche Mark-U.S. Dollar (USD) market. This study is not based on specific events, e.g.
"the Tokyo experiment" or macroeconomic announcements. Instead we estimate a market's contribution to the permanent price changes over a trading day. We compare the "home markets" of an exchange rate, e.g. Japan and U.S. for the JPY/USD rate, as well as non-home markets, e.g. Europe for the Australian dollar (AUD). Non-home markets are important as hedging and other portfolio needs may cause permanent shifts in demand and supply independent of the macro fundamentals of the home markets.
We compare price discovery across global markets for AUD, JPY, the Euro (EUR), and the British pound (GBP), all against USD, from January 1996 to December 2003. These are the top-four currency pairs in terms of trading value and represent 58% of global currency trading (BIS, 2007, (Evans and Lyons, 2002a , 2007 ; order flows from financial institutions have greater information content than other investors (Bjonnes, et a. 2005; Carpenter and Wang, 2007) ; and information flows from major to minor currencies (Evans and Lyons, 2002b; Danielsson, et al. 2002) . Therefore a market's information share depends critically on the quantity and the quality of its order flow. Having substantial order flows, particularly in major currencies, is a necessary (but not sufficient) condition for a market to have a significant information share.
Having large financial institutions with large client base and substantial research ability will also enhance the information content of order flows.
The paper is organized as follows. Section II explains the sample and presents some analyses of trading value, return, and volatility in each market. Section III presents the model for comparing price discovery in sequential markets. Empirical findings for the foreign exchange markets are discussed in section IV. Some final remarks are contained in section V.
II. Data and Preliminary Analysis

A. Sample Construction
Our primary data source is the Reuters' foreign exchange quotes for AUD, JPY, EUR, and GBP against USD from 1 January 1996 (1 January 1999 for EUR) to 31 December 2003.
Weekends are removed because of thin trading. We also remove days with large gaps (over 4 hours) in quote arrivals, which can be the result of system stoppage or holidays in parts of the world. On October 7 and 8, 1998, JPY had "once-in-a-generation" volatility, and both AUD and GBP experienced high volatility. 6 These days are treaded as outliers and are removed from our analyses. This leaves us with 1884 days for AUD, 1902 days for JPY, 1189 days for EUR, and 1879 days for GBP. Table 1 For each trading day, the midpoint of the bid-ask quotes is calculated and is sampled at the end of each trading period defined above. If there is not a quote posted exactly at the end of the trading period, the weighted average is calculated from the mid-quote immediately before and after the sample point, with weights being inversely proportional to the distance from the sample point. The percentage return over the trading period is then calculated. Note this is the same-day open-to-close return, not close-to-close return across trading days. 
B. Preliminary Analyses
Before we estimate the information shares, we present evidence on trading value, return, and volatility over these periods. The observed price change and volatility in each market are subject to microstructure noise as well as short-term changes in market conditions. They often have serial and crossmarket correlations and do not necessarily reflect market-specific innovations to the underlying currency values. Therefore percentage contributions to return and volatility cannot generally be used to compare price discovery across markets. In the next section, we identify the permanent price changes in the observed returns for the different markets. The variance of permanent price changes is used to construct the information share for each market.
III. Measuring Price Discovery in Sequential Markets
Our approach is in the same spirit as Hasbrouck (1995 Day t+1 Day t-1
We model the return vector r t using a structural VAR model with K lags:
(1) B 0 r t = B 1 r t-1 + B 2 r t-2 + … + B K r t-
The structural shock vector η t is characterised by E(η t )=0; E( / k t t − η η )=0 for k≠0; E( / t t η η ) = I, a 2x2 identity matrix.
11 B 0 is a lower triangular matrix because the markets are sequential and r 1t influences r 2t but not vice versa. Equation (1) can be written in the reduced form:
where The reduced-form VAR in (2) has a moving average representation in the form of 
and C j converges to zero exponentially as j increases. The daily return (over 24 hours) is obviously r 1t + r 2t = ι′r t , where ι is a vector of ones. The log price at the end of day t is the accumulation of ι′r i over i = 1,...,t and may be written as where 0 p is determined by the initial conditions at t = 0. The efficient price is defined as
where F t is the information set available at the end of day t. The term u t represents pricing errors and is stationary. The daily change in the efficient price b . This demonstrates the point made by Lehmann (2002) that price innovations cannot be allocated to specific market cleanly when cross-market correlation is present. The same problem affects the existing component-share measure. Using reduced-form shocks is appropriate only in the case where B 0 is diagonal and structural and reduced-form shocks are equivalent.
While the model in (1) and the information shares in (7) can be easily estimated, the uncertainty in the estimates needs to be quantified. In the price-discovery literature, the information share estimates are usually reported as point estimates without associated standard errors, because the information share measures are complicated functions of the parameters of the underlying VAR models and the "delta method" for computing the standard errors becomes impractical. In this paper, we use a bootstrap to estimate the standard errors of the information share estimates. The bootstrap procedure is outlined below: S1 Determine the lag length K by AIC, estimated the reduced-form VAR in (2), estimate the information shares in (7) Estimate the reduced form VAR in (2) and the corresponding information shares in (7) with the artificial data } r ,..., {r * n * 1 ; S4.
Repeat S2 and S3 many times to construct an empirical distribution, hence the standard errors, for the estimated information shares.
The initial values for * t r in S2 can be obtained by randomly drawing a K-block from the original series } r ,..., {r n 1
. Given that our sample size is quite large, the above bootstrap procedure is adequate for estimating standard errors of information shares (see Berkowitz and Kilian (2000) for a review of time series bootstrapping).
IV. Information Shares in Currency Trading
The model developed in section III is applied to the trading of AUD, JPY, EUR, and GBP against USD in four sequential markets: Asia, Europe, London-NYC, and America.
Returns of each market are calculated based on the time period defined in section II. The number of lags is determined by the AIC criterion, and is 1 for AUD and GBP, 5 for JPY, and 2 for EUR. The reduced-form VAR of equation (2) The estimated results are presented in four segments in Table 5 greater skewness than those of other markets. Information shares for AUD and JPY have greater skewness than EUR and GBP. The 90% confidence intervals are narrow enough to allow for statistical comparisons between information shares of different markets. For example, for EUR, the lower bound of the 90% confidence interval for Europe is higher than the upper bound for U.S.; the lower bound for U.S. is higher than the upper bound for Asia.
Therefore the information share of Europe is higher than that of the U.S. market, which in turn is higher than that of Asia. Table 6 Since the efficient price and its changes are not observable, one cannot directly verify the estimated information share of a market. We try to shed some light on this issue by comparing the estimated information share of a market with its long-term average contributions to daily return and volatility. Under the conditions that returns of each market do not have serial and cross-market correlations, the structural coefficient matrix B 0 is diagonal and A(L) in equation (2) is an identity matrix. The diagonal elements of 1 0
B
− are the standard deviations of daily returns of each market. The information share of a market, defined in equation (7), is the same as its share of daily volatility reported in Table 4 . In this case, the structural and reduced-form shocks are the same and represent changes in the efficient price. As shown in Tables 2 and 5 , these conditions generally do not hold in the data: most currencies have significant serial and/or cross-market correlations and 1 0 B − is not diagonal. However when both serial and cross-market correlations are small, as in the case of GBP, the numerical values and the cross-market rankings of Volatility Share and information share should be similar. Table 7 compares the information share of a market with its contributions to daily return and volatility. Panel A presents the mean absolute difference (MAD) and Spearman's rank correlation between the information share of a market in Table 5 and its shares of daily return and volatility in Table 4 . Except for EUR, the MADs are quite small at around 3%.
This is broadly consistent with the low serial and cross-market correlations in Table 2 . GBP has no serial correlation and indeed has the lowest MAD at less than 2%. For JPY, EUR, and GBP, Spearman's rank correlations are very high at 0.8 or above. Conceptually all three measures reflect the price impact of a market. There is a long history of using volatility as a proxy for information flow, e.g. Ross (1989 ), Engle, et al. (1990 . When serial and crossmarket correlations are small, the volatility share of a market can be used to approximate its information share. The return share is too noisy as shown in Table 4 . On the other hand, AUD and EUR both have three off-diagonal elements of 1 0
− that are statistically significant.
Their return and volatility shares have either high MAD or low rank correlation with the estimated information shares.
Since the number of trading hours varies from 2 for the London-NYC period to 8 for the Asian and U.S. markets, the information share of a market is likely to be affected by its number of trading hours. We compare the per-hour contributions to return, volatility, and information from each market in Panel B of Table 7 . The London-NYC overlapping hours have the highest per-hour contributions to all three measures for all four exchange rates. For EUR, the per-hour impact of London-NYC trading is 2 to 10 times larger than the impact from U.S. and Asia trading. On a per-hour basis, the return, volatility, and information shares have low MAD and high rank correlations.
V. Final Remarks
This paper proposes a simple model to compare price discovery in sequential markets.
It is applied to the 24-hour foreign exchange trading. We present new evidence on the information shares across markets in different time zones, and how the information shares have changed over the eight-year sample period. Our model for sequential markets can be Return and volatility shares are defined in section II. "MAD" is the mean absolute difference with information share for each currency across four markets. "Rank Cor" is Spearman's rank correlation with information share for each currency across four markets. Panel A compares return and volatility shares in Table 4 with information shares in 
